Within the present investigation, a miniature viscous disk pump (VDP) is utilized to characterize and quantify non-Newtonian fluid elastic turbulence effects, relative to Newtonian flow behavior. Such deviations from Newtonian behavior are induced by adding polyacrylamide to purified water. The VDP consists of a 10.16 mm diameter disk that rotates above a C-shaped channel with inner and outer radii of 1.19 mm and 2.38 mm, respectively. A channel depth of 230 lm is employed. Fluid inlet and outlet ports are located at the ends of the C-shaped channel. Experimental data are given for rotational speeds of 126 1/s, 188 1/s, 262 1/s, and 366 1/s, pressure rises as high as 700 Pa, and flow rates up to approximately 0.00000005 m 3 /s. Reynolds number ranges from 2.9 to 6.5 for the non-Newtonian polyacrylamide solution flows and from 51.6 to 149.8 for the Newtonian pure water flows. To characterize deviations due to non-Newtonian elastic turbulence phenomena, two new parameters are introduced, PrR and HCR, where HCR is the ratio of head coefficient (HC) for the polyacrylamide solution and head coefficient for the water solution, and PrR is the ratio of pump power for the polyacrylamide solution and pump power for the water solution. Relative to Newtonian, pure water flows, the polyacrylamide solution flows give pump head coefficient data, dimensional pressure rise data, slip coefficients (SCs), specific speed (SS) values, and dimensional power data, which show significant variations and differences as they vary with flow coefficient (FC) or dimensional volumetric flow rate. Also important are different ranges of specific speed (SS) for the pure water and polyacrylamide solutions, and a lower range of SC or slip coefficient values for the polyacrylamide solution flows, compared to the pure water flows. These variations are due to increased elastic turbulence losses, which occur as viscosity magnitudes increase and the elastic polymers are excited by mechanical stress, which causes them to extend, deform, stretch, and intertwine.
Introduction
Of recent studies which consider the influences of nonNewtonian fluid flows on pump operation and performance, Yu et al. [1] investigated flow patterns, velocity distributions, and shear stress distributions in macroscale centrifugal pumps with four different impeller arrangements. Of particular interest are influences of blood flow on pump performance, as well as the effects of the pumps on blood characteristics, especially thrombus formation and hemolysis. The presence of recirculation vortices and recirculation regions is considered for all the four impeller configurations. Additional discussion of the effects of fluid viscosity on centrifugal pump performance is provided by Li [2] . Variations of pump head, efficiency, and power are provided over a range of volumetric flow rates for water and oil flows. According to this investigator, centrifugal pump performance decreases as fluid viscosity increases, because of increases of friction losses over the surfaces of the impeller shroud and hub, and because of larger hydraulic losses within the flow passages inside the impeller. Zhang et al. [3] investigated the operation and performance of a magnetically suspended impeller centrifugal blood pump, or ventricular assist device (VAD). Flows of water and an aqueous Xanthan gum solution are investigated, where the gum solution is utilized to model non-Newtonian blood flow. According to the investigators, this solution is a shear-thinning, drag-reducing fluid. Overall, pump head rise with the aqueous Xanthan gum solution is lower, relative to water flow at the same volumetric flow rate, when the pump operates at low rotor speeds. However, for higher rotor speeds, pump head magnitudes with the aqueous Xanthan gum solution are higher than for water flows, when compared at the same volumetric flow rates. Memardezfouli and Nourbakhsh [4] investigated slip factors in centrifugal pumps. Presented are the impeller exit slip factors as they vary with passage width for different FCs. Slip factor data are also presented over a range of FCs, for five different impeller arrangements, which are corrected for flow distortion at the impeller periphery.
Only a few studies are available which address variations due to non-Newtonian fluid flows on microscale or millimeter-scale pump performance. Of the relevant investigations, da Silva et al. [5] and El-Sadi et al. [6] described non-Newtonian flow behavior in micropumps. For the former study, optimization of devices for biomedical application is considered for configurations which are similar to the ones investigated by Sen et al. [7] . Berli [8] described the development of electrokinetic pumping of nonNewtonian fluids through cylindrical and slit microchannels. For some flow conditions, the microstructure of the non-Newtonian fluids is altered near solid-liquid interfaces. With this situation, output pressure and pumping efficiency are significantly higher than present with simple electrolyte solutions at the same experimental conditions. Ligrani et al. [9] considered deviations due to non-Newtonian influences within the same type of miniature VDP, which is employed within the present study. In that investigation, deviations from Newtonian behavior are induced by adding different concentrations of sucrose to purified water, with increasing non-Newtonian characteristics as sucrose concentration increases from 0% (pure water) to 10% by mass.
The present investigation is unique because the performance of a miniature VDP [10, 11] is considered with non-Newtonian elastic turbulence flow, relative to Newtonian water flow. Such behavior is induced using elastic polymer solutions within liquids as they are excited by a mechanical stress, which causes them to exhibit highly nonlinear and non-Newtonian behavior. The polymer additive employed in the present study is polyacrylamide. The extensibility of the polymer and the resulting polymer deformation lead to a sharp growth in the local elastic stress, a sequence of events referred to as the Weissenberg instability [12] , which occurs when the Weissenberg number is greater than a threshold value which depends upon the flow conditions and configuration. When this occurs, elastic turbulence is present, which results in increased polymer viscosity, in some cases, by up to 3 orders of magnitude [12] . As such, the present investigation is unique and different from prior investigations since characterization and quantification of the effects of non-Newtonian elastic turbulence on miniature VDP performance are considered.
The miniature VDP is of millimeter-scale, with a channel depth of 230 lm. The VDP is utilized because it produces easily controlled flow rates and pressure rises, as simplicity and ease of manufacturing are maintained [9, 10] . The disk pump is unique because it uses viscous stress to produce a pumping effect by employing one disk and a C-shaped channel [9, 10] . As the fluid passage height becomes smaller, the Reynolds number decreases, and the viscous forces become more significant relative to inertial forces. To quantify deviations due to non-Newtonian elastic turbulence phenomena, variations of pump HC, flow coefficient, slip coefficient, specific speed, dimensional pressure rise, dimensional volumetric flow rate, and dimensional power are presented. Also provided is a new head coefficient ratio parameter, which represents the normalized pressure rise change at a particular flow rate and polyacrylamide concentration, as elastic turbulence phenomena are induced. The present experimental data are given for rotational speeds from 126 to 366 rad/s, pressure rises as high as 700 Pa, and flow rates up to approximately 0.00000005 m 3 /s.
Miniature Viscous Disk Pump Configuration and Operation
The pump consists of a spinning disk and a C-shaped channel with a fluid inlet port and a fluid outlet port, which are located at opposite ends of the C-shaped flow channel [9] [10] [11] . The overall arrangement is shown in Fig. 1 , and the coordinate system is shown within Fig. 2 . There are three main components of the pump: (i) the fluid chamber assembly, (ii) the disk and shaft, and (iii) the motor and pump housing. Details regarding these different items are provided by Ligrani et al. [9, 11] and Blanchard et al. [10] .
As shown in Fig. 1 , as the disk rotates, its edges remain in contact with the fluid chamber walls, creating a seal that minimizes leakage of the test fluid from the fluid chamber. Rotating Couettetype flow is thus induced in the fluid chamber between the rotating disk and the stationary bottom of the channel. A circumferential pressure gradient is then present in the fluid chamber because of the work done on the fluid within the C-shaped channel by the rotating disk. The disk diameter is 10.16 mm. This interaction gives Poiseuille-type flow, with a static pressure rise with circumferential position through the pump chamber volume, such that a region of lower static pressure is present near the fluid inlet port, and a region of higher static pressure is present near the fluid outlet port. Pressure rise measurements are made across the pressure ports shown in Fig. 2 . Figure 3 shows the experimental arrangement and components for the VDP. The disk pump is powered by an externally mounted Maxon EC32 #118890. The motor has a 48 V winding, a power rating of 80 W, a maximum speed of 25,000 rpm, and a stall torque of 0.353 Nm. The motor is controlled by a Maxon ESCON 50/5 #409510 motor controller connected to an Advanced Motion Controls model PS2X3W48 power supply. The power supply has a dc supply voltage of 48 V, a peak current of 12 A, and a continuous current rating of 6 A. The motor controller maintains a constant speed through a closed control loop and a Maxon HEDL 55 Encoder #110514. The speed and direction of the motor are controlled by regulating voltage to the analog and digital I/O channels on the motor controller using LABVIEW 32-bit software, version 10.0.1, and a National Instruments USB-6003 data-acquisition card. The rotational speed measurement system is calibrated using a timing light.
Experimental Apparatus and Procedures
A DP-15 Validyne differential pressure transducer is used to measure the differential pressure between the pressure ports. The transducer employs a number 20 diaphragm which can measure pressure differentials with ranges up to 872 Pa. The output signal from the pressure sensor is processed using a Celesco Model number CD15 Carrier Demodulator. This demodulator produces a voltage output that is read by a National Instruments USB-6210 data-acquisition board and LABVIEW 32-bit software, version 10.0.1. All the data are recorded, and then entered and processed using a Dell Precision T1700 computer workstation.
A Key Instruments model 1XLW9 flow meter is used to measure the time-averaged fluid flow rate. This device is used for measurements of flow rate for water or for fluids with similar viscosity values, relative to water. To measure the mass flow rate of the polyacrylamide solutions, an Adam PGL 2002 scale is used. The fluid mass flow rate is determined by collecting the fluid exiting the pump on the scale and recording the change in mass of fluid over a specified time interval.
Polyacrylamide Polymer Solutions
The polymer fluid mixture which is utilized in this present study has a viscosity value from 0.0175 to 0.0231 PaÁs at 20 C (where different values are associated with different shear rates). A concentration of 3000 ppm of PAAm polymer is employed, with 1% NaCl and 3% isopropanol. The procedure for mixing the stock solution is adopted from Groisman and Steinberg [12] . To mix a 3000 ppm solution, 3 g of NaCl is dissolved in 275 mL DI water by a commercial mixer. After all the NaCl is dissolved, 0.9 g of PAAm (Polyacrylamide, Mw ¼ 18,000,000 Da, Polysciences Inc., Warrington, PA) powder is gently mixed for 3 h in a commercial mixer with propeller at moderate speed. This is done to degrade the polymer slightly, so it does not degrade significantly during tests. After the timed 3 h, 9 g of isopropanol is added and mixed into the solution. Finally, DI water is added to bring the total mass of the solution to 300 g depending on the desired fluid viscosity.
In testing with both the rheometer and disk pump, no effects due to additional degradation are evidenced by the repeatability of measured data. Such repeatability is established from measurements of pressure rise at particular values of volumetric flow rate and disk rotational speed. Note that such measurements are conducted in a steady fashion as a polymer solution is advected continuously through the VDP. Initial loading of the polymer solution occurs as each solution is first advected into the inlet of the VDP flow passage. Because each polymer solution is present within the VDP over a finite time period, the present flow arrangement imposes stresses upon the flow field in a temporary manner during the time that the polymer solutions are present within the VDP flow passage. With this arrangement, shear rates are generally somewhat higher than in previous investigations [12] .
Polymer mixture rheological data are obtained using a state-ofthe-art commercial Anton Paar Rheometer MCR 302. These data are employed to provide information regarding viscosity properties, as dependent upon shear rate and polymer concentration. Such data are determined through a power-law shear stress-shear rate relationship. Table 1 presents a summary of the rheological properties of the polyacrylamide solution utilized within the present investigation.
Experimental Uncertainty Estimates
A first-order uncertainty analysis is performed using a constantodds combination method, based on a 95% confidence level as described by Moffat [13] . The flow passage height variation across the fluid chamber is less than 1.5 lm, with a measured variation less than 1.1 lm (60.55 lm) for h ¼ 230 lm, which is 0.55% of h. The value 0.55% is the maximum percent variation of flow passage height for the flow passage height tested. The resulting uncertainty magnitudes associated with experimentally measured pressure rise, flow passage height, fluid viscosity, disk rotational speed, pump chamber radii, and flow rate are presented in Table 2 .
Flow Analysis for the Miniature Viscous Disk Pump
Ligrani et al. [9, 11] provided relationships between volumetric flow rate and pressure rise for the viscous disk pump. DP is denoted as the pressure rise over the circumferential angle Dh, between the two pressure ports (p 2 À p 1 ) shown in Fig. 2 . Dh is then the angle between the pressure ports and is equal to p/2. The volumetric flow rate is determined from the integral of the circumferential velocity v h with respect to the cross-sectional area of the viscous disk pump. According to the analyses presented in these investigations [9, 11] , because the flow passage height h is small, h/(R 2 À R 1 ) ( 1, and changes of local circumferential velocity v h across the z-direction over the distance h are much larger than the changes of v h in the r-direction over the distance R 2 À R 1 . As a result, the only significant advection or diffusion term of the partial differential equation for conservation of v h momentum is the one representing diffusion of v h in the z-direction. In addition, the shear rate for the flow is given by dv h /dz, which is equal to V/h for the mean radial circumference of the VDP, provided contributions from the pressure gradient are neglected. According to Ligrani et al. [9, 11] , the resulting dimensional volumetric flow rate is then given by
This equation gives results which are numerically equivalent to an equation from Blanchard et al. [10] . Note that different forms of these two equations are a result of different z-coordinate origin locations.
Results and Discussion
The experimentally measured data illustrate pressure rise and flow rate characteristics of the viscous disk pump. Of particular interest are flow behavior deviations from nominal Newtonian behavior, due to the presence of non-Newtonian elastic turbulence. All the data are given for a flow passage height h of 230 lm. Disk dimensional rotational speeds of 1200 rpm, 1800 rpm, 2500 rpm, and 3500 rpm are employed, which are equivalent to respective rotational speeds of 126 1/s, 188 1/s, 262 1/s, and 366 1/s.
Viscosity Variations for Non-Newtonian Polyacrylamide
In general, determination of relationships between shear stress and shear rate and between viscosity and shear rate is challenging for viscoelastic polymer solutions [12, 14] . This is because of the inherent memory effects of such solutions, which generally appear as significant hysteresis, which occurs as viscosity, shear stress, and shear rate relationships change, depending on whether or not the fluid solution is undergoing loading (with shear rate increasing) or undergoing unloading (with shear rate decreasing). As a result, the rate of polymer stretching (from the shear rate) is important, and associated properties may vary with time, depending upon the test configuration. In addition, if loading of a viscoelastic polymer solution is followed by unloading, permanent deformation may develop.
Within the present experiment, initial loading of the polymer solution occurs as it is first advected into the inlet of the VDP flow passage. Afterward, the loading and imposed spatially averaged shear rate are continuous and steady, as the polymer solution is present within the VDP flow passage, and as the polymer solution is advected continuously through the VDP. As such, the viscosity model for the present arrangement corresponds to this arrangement. Note that the present power-law model is applied only to one polymer solution, and as a result, the model does not account for changing molecular effects, for example, to account for polymers with different molecular weights. Other investigators who have employed viscosity power-law models to nonNewtonian viscoelastic polymer solutions, as well as to Newtonian fluid flows, include Flumerfelt et al. [15] , Hashmet et al. [16] , and Al-Fariss and Al-Zahrani [17] .
Such power-law models offer an approach to determine effective absolute viscosity values and associated relationships between shear stress and shear rate. With the appropriate experimental conditions, such models provide appropriate means to account for the non-Newtonian influences which are associated with polyacrylamide. Analytically, such power-law models are described using an equation given by
Here, K is the flow consistency index, a constant, and n is the dimensionless flow behavior index. Figure 4 presents Table 1 Rheological and flow properties of the polyacrylamide solutions for the present investigation, with 3000 ppm PAAm, 1% NaCl, and 3% isopropanol at a temperature of 20 C Variations of dimensional pressure rise with dimensional volumetric flow rate are illustrated by the data given in Figs. 5 and 6 , where each data set is obtained at constant disk rotational speed. The experimental data within Fig. 5 are obtained only using pure water as the working fluid. The experimental data within Fig. 6 are obtained using pure water and with the polyacrylamide solution as the working fluids, with rotational speeds (x) between 126 1/s and 366 1/s. Flow passage height is 230 lm for the data in both figures. As the disk rotational speed is held constant, the flow rate is varied by changing the adjustable valve on the flow meter which is shown in Fig. 3 .
The solid lines in Fig. 5 represent analytically determined values using Eq. (1) for a pure Newtonian water for disk rotational speeds of 126 1/s, 188 1/s, 262 1/s, and 366 1/s. Associated pure water experimental data are also included within the figure. These results generally show a linear relationship between the dimensional pressure rise and dimensional flow rate for the VDP for each different impeller rotational speeds, which is consistent with results from a variety of other macroscale pumps [2, 4] . For all the four values of x, pressure rise increases as flow rate decreases, such that maximum pressure rise is present for Q ¼ 0, and the maximum flow rate is present for DP ¼ 0. Figure 5 also shows that the experimental data are in reasonable agreement with Eq.
(1). Note that the slopes of the data for each rotational speed in Fig. 5 are approximately the same as volumetric flow rate varies, for each value of disk rotational speed.
The dimensional pressure rise and dimensional volumetric flow rate experimental data in Fig. 6 are given for pure water and for the polyacrylamide solution flow, for disk rotational speeds of 126 1/s, 262 1/s, and 366 1/s. Here, the pure water data in Fig. 6 are the same data which are presented in Fig. 5 . In regard to the polyacrylamide data in Fig. 6 , overall, qualitative trends show some similarity to results in Fig. 5 , in that pressure variation data show negative slopes for each disk rotational speed. However, in contrast to the data in Fig. 5 , the slopes of the polyacrylamide pressure rise data in Fig. 6 vary with volumetric flow rate and with disk rotational speed. The polyacrylamide pressure rise data in this figure are also substantially higher than the pure water data, when compared at the same disk rotational speed x and dimensional volumetric flow rate Q. Such slope variations and increased pressure rise values evidence different levels of non-Newtonian elastic turbulence behavior, and different levels of mixing associated with different magnitudes of polymer agitation.
Larger elastic turbulence deviation from pure water Newtonian behavior is expected as local fluid shear stress levels increase. Within the present VDP, such increases are associated with larger pressure increases, and smaller volumetric flow rates, for a particular value of x. When compared at particular values of volumetric flow rate Q and dimensional disk rotational speed x, lower elastic turbulence pressure rise values, relative to pure water Newtonian data in Fig. 6 means that local stress magnitudes are also lower. Such behavior is a result of increased mixing and increased transport, which occur as elastic turbulence effects become more pronounced. As a result, differences between the two types of flow behavior are much more significant when the dimensional disk rotational speed x is 366 1/s, relative to results obtained at lower disk rotational speeds. Transport, mixing, and pressure rise are augmented by elastic turbulence as polymers are stretched in constriction by flow strain, which is induced by streamline curvature within the present VDP. The mechanical stresses act on the polymers within the flow stretching the polymers, causing a secondary flow. This secondary flow acts back on the polymers within the solution and stretches them further causing increased mixing and chaotic fluid motions. In many situations, such activity results in intertwining of different polymer chains within the flow. As a result, the VDP flow transitions from laminar to turbulent flow through elasticity (rather than inertia) at very low Reynolds numbers [12] .
Reynolds number for the VDP passage is defined using an equation given by
With the polyacrylamide solution flows, the Reynolds number with a flow passage height of 230 lm ranges from 2.9 to 6.5 for rotational speeds from 126 1/s to 366 1/s. With pure water flows, the Reynolds number with a flow passage height of 230 lm ranges from 51.6 to 149.8 for rotational speeds from 126 1/s to 366 1/s. Additional details are provided in Table 1 . One assumption made in deriving the analytic result given by Eq. (1) is that the Reynolds number is small. This range of Reynolds number validity allows neglecting advection terms in associated flow momentum equations [9, 11] . However, note that some of these advection terms are also negligible because the flow in the passage is maintained at or near to a fully developed flow condition [9, 11] .
Dimensional Pressure Rise Variations With Disk Rotational Speed for Fixed Volumetric Flow Rate
Considered here are maximum dimensional pressure rise variations with dimensional disk rotational speed, for a pump operating condition wherein the overall volumetric flow rate is zero (Q ¼ 0). Also considered are the dimensional pressure rise variations with dimensional disk rotational speed, for a pump operating condition, wherein the overall volumetric flow rate is maintained constant at approximately 0.00000002 m 3 /s. These particular data are given in Figs. 7 and 8 for pure water and for the polyacrylamide solution Fig. 4 , and the complex nonlinear stress strain variations, greater polymer agitation, and increased mixing which are associated with non-Newtonian elastic turbulence.
Head Coefficient and Dimensional Power Variations
With Flow Coefficient Such differences evidence significantly different flow and pressure rise characteristics for the two different fluid solutions.
Pump Slip Coefficient
Pump slip coefficient or slip factor is ordinarily determined for local circumferential velocities at the exit of an impeller. The local coefficient value is then the ratio of actual local circumferential velocity to the ideal, local circumferential velocity, where the flow trajectory is determined by the contour of impeller blades without slippage [18, 19] .
Within the present investigation, determination of such local circumferential velocities is not possible. Instead, overall, average slip coefficients are determined. As such, v h , the circumferential velocity, spatially averaged for the flow cross-sectional area, is determined using an equation given by
The ideal circumferential velocity without slippage, averaged for the flow cross-sectional area, is then given by v hideal . This quantity is determined as the disk-induced velocity, without slip for pure Couette flow, for the midradius and midheight location of the VDP channel. The ideal velocity is then given by an equation of the form
The overall slip coefficient (SC) is then given by
With this form, the slip coefficient (SC) then provides a quantitative measure of the ability of the VDP to produce flow which follows the rotating disk, relative to an ideal arrangement with no slip. The parameter ranges between 0 and 1, with more idealized behavior characterized by higher SC values. Figure 11 presents the slip coefficients, determined using Eq. (6), as they vary with head coefficient for the single-disk viscous pump for disk rotational speeds of 126 1/s, 188 1/s, 262 1/s, and 366 1/s. Here, data are given for pure water (closed symbols), and for polyacrylamide solutions (open symbols). The polyacrylamide solution data cover a wider range of HC, with values as high as 3.8, whereas the water solution data extend to HC values up to about 1.5. Slip coefficients are as high as approximately 0.55 for the polyacrylamide solutions, and as high as about 0.8 for the water. Note that these SC variations are in part a consequence of the natural variation of HC with volumetric flow rate. As a result, slip coefficients decrease to zero values as HC increases for each value of disk rotational speed x.
The lower range of SC values in Fig. 11 for the polyacrylamide solution data, compared to the pure water data, is believed to be due to larger second law losses when elastic turbulence is present. Such losses are connected to higher viscosity values (Fig. 4) as well as to larger magnitudes of flow slip, for certain values of HC. Increased elastic turbulence loss magnitudes occur as the elastic polymers are excited by mechanical stress, which causes them to extend, become deformed, and become stretched. Such polymer alterations lead to increased magnitudes of local elastic stress. As such, the presently observed loss increases with increased viscosity are qualitatively consistent with the results for macroscale fluid pumps which are described by Li [2] and Zhang et al. [3] .
Characterization of Elastic Turbulence Fluid Behavior Within the Viscous Disk Pump
To characterize elastic turbulence effects within the VDP, several different parameters are considered. The first of these is DP*, as this quantity changes with dimensional volumetric flow rate and disk rotational speed. Here, DP* is the dimensional pressure rise change at a particular flow rate and disk rotational speed, as the flow changes from pure water Newtonian behavior to elastic turbulence behavior. These data are obtained from the results which are presented in Fig. 6 . Figure 12 shows that DP* becomes more pronounced as the volumetric flow rate decreases, and as the disk dimensional rotational speed increases. In most cases, the variation of DP* with dimensional volumetric flow rate is nonlinear, for each disk rotational speed. Figure 13 shows HCR, the ratio of head coefficient for the polyacrylamide solution and head coefficient for the water solution, as it varies with flow coefficient for the single-disk viscous pump for disk rotational speeds of 126 1/s, 262 1/s, and 366 1/s. These data collect into a single grouping for all the three disk rotational speeds for FC values which are greater than 0. When FC ¼ 0, HCR values range from 2.7 to 4.3, and increase in value as disk rotational speed x increases. An even better data collapse is provided by the PrR data which are given in Fig. 14 . Here, PrR is the ratio of pump power for the polyacrylamide solution and pump power for the water solution, as it varies with flow coefficient. These data are also provided for disk rotational speeds of 126 1/s, 262 1/s, and 366 1/s, and a pump chamber height of 230 lm. An important feature of these data is the maximum PrR value which is present for a flow coefficient value of approximately 0.1. As such, the PrR and HCR parameters characterize the performance of the viscous disk pump, relative to Newtonian water flow, for flow coefficients from 0 to 0.3 and for disk rotational speeds from 126 1/s to 366 1/s.
Viscous Disk Pump-Specific Speed
Specific speed data as they vary with flow coefficient are presented in Fig. 15 
This form of specific speed is nondimensional, and as such, is determined using volumetric flow rate Q given as m 3 /s, acceleration due to gravity g given as m/s 2 , pump head H given as meters, and rotational speed x given using radians per second [20] .
The specific speed data for pure water in Fig. 15 (a) range from 0 to 0.9 for flow coefficients ranging from 0.0 to 0.4. In contrast, specific speed data for the polyacrylamide solution in Fig. 15 (b) range from 0 to 0.23 for flow coefficients ranging from 0.0 to 0.28. Such specific speeds generally apply to different configurations of fluid pumps, including centrifugal flow, mixed flow, and axial flow devices [20] . The present VDP arrangement is significantly different from these configurations. Nonetheless, different ranges of specific speed for the pure water and polyacrylamide solutions evidence different flow characteristics within the VDP passage, especially in regard to the ability of the fluids to follow the motion of the rotating disk with or without varying amounts of slip.
For example, higher values of specific speed for the pure water arrangement in Fig. 15(a) are associated with flow which, in an ordinary fluid pump, is more axial. Within the present VDP, this is believed to further evidence flow which follows the motion of the rotating disk more closely, compared to situations when specific speed values are lower. Such behavior is thus associated with less slippage, and higher values of SC, which is consistent with the results which are presented in Fig. 11 . Lower values of specific speed for the polyacrylamide arrangement are associated with flow which, in an ordinary fluid pump, is more centrifugal. The lower range of specific speed for the polyacrylamide solution flow in Fig. 15(b) is thus associated with greater slippage, larger second law losses, and generally lower slip coefficient values, even though overall dimensional pressure rise values and HC values are significantly higher, when compared at the same dimensional volumetric flow rate, same FC, and same disk rotational speed x.
Another important difference between the performance of the VDP with pure water flow and with the polyacrylamide solution is related to variations with disk rotational speed x. Within Fig.  15(a) , SS for the pure water flow increases continually with disk rotational speed x, for a particular value of FC. Such behavior is consistent with that of an ordinary macroscale fluid pump. In contrast, SS for the polyacrylamide solution flow in Fig. 15(b) is approximately the same for x values of 188 1/s and 126 1/s. As x increases further, specific speed values increase dramatically for each value of flow coefficient. Such complicated trends are due to nonlinear, non-Newtonian elastic turbulence effects, especially the complex interactions which develop as strain is applied to the flow and intricate polymer intertwining and tangling ensue.
Summary and Conclusions
Within the present investigation, a miniature VDP of millimeter-scale, with a channel depth of 230 lm, is utilized as the behavior and performance are altered by elastic turbulence. The present experimental data are given for rotational speeds of 126 1/s, 188 1/s, 262 1/s, and 366 1/s, pressure rises as high as 700 Pa, and flow rates up to approximately 0.00000005 m 3 /s. The non-Newtonian effects of elastic turbulence are induced by adding a specified concentration of polymers (polyacrylamide) to purified water along with NaCl to ionize the polymer components and are considered relative to Newtonian behavior. The VDP is utilized because it produces easily controlled flow rates and pressure rises, as simplicity and ease of manufacturing are maintained [9, 11] . The disk pump is also unique because it uses viscous stress to produce a pumping effect by employing one disk and a C-shaped channel [9, 11] . As the fluid passage height becomes smaller, the Reynolds number decreases, and the viscous forces become more significant relative to inertial forces. For rotational speeds from 126 1/s to 366 1/s, Reynolds number ranges from 2.9 to 6.5 for the non-Newtonian polyacrylamide solution flows, and from 51.6 to 149.8 for the Newtonian pure water flows.
To characterize deviations due to non-Newtonian elastic turbulence phenomena, two new parameters are introduced, PrR and HCR. Here, HCR is the ratio of head coefficient for the polyacrylamide solution and head coefficient for the water solution, and PrR is the ratio of pump power for the polyacrylamide solution and pump power for the water solution. As FC, the flow coefficient ranges from 0 to 0.3, for disk rotational speeds from 126 1/s to 366 1/s, HCR and PrR values both collect into single groupings, provided FC values are greater than zero.
In contrast to Newtonian, pure water data, the slopes of the polyacrylamide pressure rise data vary with volumetric flow rate and with disk rotational speed. The polyacrylamide pressure rise data are also substantially higher than the pure water data, when compared at the same disk rotational speed x and dimensional volumetric flow rate Q. Such slope variations and increased pressure rise values evidence different levels of non-Newtonian elastic turbulence behavior, with larger elastic turbulence deviations from pure water Newtonian behavior as local fluid shear stress levels increase. Within the present VDP, such increases are associated with larger pressure increases, and smaller volumetric flow rates, for a particular value of rotational speed x.
These pressure rise data are also considered in nondimensional form in terms of the HC or head coefficient. In general, head coefficient values decrease in a significant fashion as rotational speed x increases, for each FC value, for both water and polyacrylamide flow solutions. In contrast, dimensional power generally increases continually as disk rotational speed x increases, when compared at the same value of FC, for both water and polyacrylamide flow solutions. Both HC and dimensional power, for the polyacrylamide solution flows, are significantly higher than pure water flow values, when compared at the same values of flow coefficient and disk rotational speed. Other important differences are in relation to maximum power values for a particular disk rotational speed. For example, for a disk rotational speed x of 366 1/s, power maximum occurs for a FC of approximately 0.32 for the pure water flow, and for a flow coefficient of approximately 0.1 for the polyacrylamide solution flow.
Different ranges of SS for the pure water and polyacrylamide solutions also evidence different flow characteristics within the VDP passage, especially in regard to the ability of the fluids to follow the motion of the rotating disk with or without varying amounts of slip. Other SS trends as rotational speed x varies are due to nonlinear, non-Newtonian elastic turbulence effects, especially the complex interactions which develop as strain is applied to the flow and intricate polymer intertwining and tangling ensue. Such differences are also evidenced by a lower range of SC or slip coefficient values for the polyacrylamide solution flows, compared to the pure water flows. These variations are believed to be due to increased elastic turbulence loss magnitudes, which occur as viscosity magnitudes increase and the elastic polymers are excited by mechanical stress, which causes them to extend, deform, stretch, and intertwine.
